Purpose: Antifungal resistance associated with the extensive use of antifungals and biofilm formation presents major clinical challenges. Thus, new therapeutic strategies for fungal infections are urgently required. This study aimed to evaluate the in vitro antifungal effects of the natural bioactive alkaloid berberine against Candida spp. in planktonic and biofilm conditions. Methods: Using the CLSI M27-A3 reference method for broth dilution antifungal susceptibility testing of yeasts, the MICs for five standard strains comprised of Candida albicans (ATCC 10231, ATCC 90028), Candida krusei (ATCC 6258), Candida glabrata (ATCC 90030), Candida dubliniensis (MYA 646), and six clinical isolates (CLC1-CLC6) were tested. The 2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide (XTT) reduction assay was used to evaluate the inhibitory effects of berberine against Candida biofilms. The optical density value at 490 nm was measured and illustrated using concentrationabsorbance curves. Finally, the effects were quantified by confocal laser scanning microscopy (CLSM), and 3-dimensional reconstruction was performed. The viability inhibition rates, biofilm formation, and thickness decrease rates were tested and analyzed using independentsamples t-test. The differences among the five Candida strains were analyzed using one way ANOVA. Results: The MICs for the five standard strains described above were 80, 160, 10, 20, and 40 μg/ mL, respectively, which was similar to that of the clinical isolates, suggesting the stable, broadspectrum antifungal activity of berberine. Berberine exerted concentration-dependent inhibitory effects against Candida biofilms, which were enhanced with the maturation of Candida biofilms. Berberine decreased the viability of Candida biofilms, with inhibition rates by CLSM ranging from 19.89 ± 0.57% to 96.93 ± 1.37%. Following 3-dimensional reconstruction, the biofilms of the berberine-treated group displayed a poorly developed architecture, and the biofilm thickness decrease rates ranged from 15.49 ± 8.45% to 30.30 ± 15.48%. Conclusion: Berberine exhibited significant antifungal activity in Candida spp. The results provide a useful reference for multiple Candida infections and biofilm infections associated with antifungal resistance. Therefore, berberine might have novel therapeutic potential as an antifungal agent or a major active component of antifungal drugs.
Introduction
Candida spp. can cause opportunistic infections, including superficial Candida infections and invasive candidiasis in immunocompromised individuals, such as patients with AIDS and transplant and cancer patients receiving cytotoxic drugs, thus threatening their quality of life and life span, especially in elderly patients. of implanted devices, including heart stents, catheters, and prostheses, the risk of invasive candidiasis caused by biofilms is increasing remarkably, resulting in high mortality rates of 40 to 60%. [5] [6] [7] [8] [9] Previous studies have shown that Candida albicans is the predominant species causing Candida infections. However, an increasing proportion of non-albicans Candida spp., such as Candida krusei and Candida glabrata in superficial Candida infections, and Candida dubliniensis in invasive candidiasis have been widely reported in the last decade. 5,8,10−14 The global rise in antifungal resistance makes fungal infections harder to treat. 15 Due to the broad-spectrum and long-term application of antifungal agents, such as azoles and echinocandins, C. albicans has developed antifungal drug resistance, while some non-albicans Candida spp., such as C. krusei are even found to be intrinsically resistant to azoles. Moreover, biofilm formation has been shown to be significantly associated with antifungal resistance, and the ability of Candida spp. to form drug-resistant biofilms is an important factor in their contribution to human disease. Therefore, novel agents with higher antifungal activity and better biofilm inhibitory effects are urgently needed. Berberine ( Figure 1 ) is a quaternary ammonium salt of isoquinoline alkaloid 16 and can be extracted from several herbal plants, such as Coptis chinensis and Mahonia aquifolium. [17] [18] [19] Berberine and its derivatives exhibit various pharmacological effects, including anti-inflammatory, antibacterial, and antifungal effects, 19 with no apparent toxic or side effects reported so far, except for mild gastrointestinal reactions. 20 As a traditional Chinese medicine, berberine has been commonly used to treat diarrhea for thousands of years, and is still an important component of patent medicines used for the treatment of bacterial infectious diseases. The glucose-and lipid-lowering actions of berberine in both animal models and humans are gaining increasing attention, thereby supporting its role in the management and prevention of type 2 diabetes, atherosclerosis, and obesity. 16, 21 Previous studies were mainly focused on the synergistic antifungal effect of berberine combined with fluconazole, miconazole, and amphotericin B against C. albicans, C. glabrata, and Candida tropicalis. [22] [23] [24] [25] [26] However, due to the renal toxicity of amphotericin B and its drug resistance to azoles, there is an urgent need to explore the antifungal activity of berberine alone, especially to evaluate its effects against non-albicans Candida strains and Candida biofilms. Moreover, the antifungal activity of berberine in clinical isolates requires further validation. Hence, in this study, the in vitro antifungal effects of berberine against standard and clinical strains of Candida spp. under planktonic and biofilm conditions were thoroughly investigated with an aim to develop new therapeutic strategies for fungal diseases.
Materials and Methods

Candida Strains and Culture Conditions
Eleven Candida strains, including five standard strains and six clinical isolates, were used for this study. Five standard strains comprised of two C. albicans strains (ATCC 10231, ATCC 90028), C. krusei (ATCC 6258), C. glabrata (ATCC 90030), and C. dubliniensis (MYA 646) were purchased from the American Type Culture Collection (ATCC; Manassas, VA, USA). These strains were stored in 20% glycerol and frozen at −80°C. The six clinical isolates comprised of C. albicans (CLC1, CLC2), C. krusei (CLC3, CLCL4), and C. glabrata (CLC5, CLC6) were isolated from the saliva of immunocompromised outpatients at the Department of Oral Medicine, Peking University School and Hospital of Stomatology (Beijing, China), and identified using CHROMagar Candida (BioMérieux Industry Co. Ltd., Shanghai, China). Prior to the experiment, the strains were cultured on Sabouraud dextrose agar (SDA) plates (BioMérieux Industry Co. Ltd.) at 37°C for 48 h, and then stored at 4°C.
Drug and Medium Preparation
Berberine and fluconazole were purchased from the National Institutes for Food and Drug Control (Beijing, China) and their purity levels were 86.7 and 99.7%, respectively. Prior to use, berberine and fluconazole were dissolved in dimethyl sulfoxide (Sigma-Aldrich Co., St. Louis, MI, USA) to achieve final concentrations of 1.28 × 10 5 and 1.28 × 10 4 μg/mL, respectively. Roswell Park Memorial Institute (RPMI) 1640 medium containing L-glutamine (Life Technologies Co., Madison, WI, USA) was buffered to pH 7.0 using 0.165 M 3-morpholinopropane-1-sulfonic acid (SigmaAldrich Co.). Yeast nitrogen base medium (YNB) -50 G and YNB -100 G were prepared using YNB medium (Beijing Solarbio Science and Technology Co. Ltd., Beijing, China) supplemented with 50 and 100 mM glucose, respectively.
Antifungal Susceptibility Testing
The antifungal activity of berberine and fluconazole against planktonic yeast cells was evaluated in 96-well microtiter plates using the broth dilution testing reference method M27-A3, as recommended by the Clinical and Laboratory Standards Institute (CLSI). 27 The MIC was defined as the lowest drug concentration that prevented over 95% discernible growth of planktonic yeasts on visual inspection. Prior to the experiment, yeast cells were subcultured from the stock solution on SDA plates at 37°C for 24 h and then harvested in RPMI 1640 medium. The initial concentration of the yeast suspension was adjusted to 1 × 10 3 cells/mL. The berberine and fluconazole solutions were two-fold diluted to achieve final concentrations ranging from 2.5 to 1280 and 0.25 to 128 μg/mL, respectively. Next, 100 μL of yeast suspension was added to 100 μL of berberine or fluconazole solution in each well, and incubated for 48 h at 37°C. The suspension without any drug was regarded as the drug-free control. Every experiment was repeated at least three times.
Candida Biofilm Formation Assay
The in vitro biofilm formation assay was performed following the standard method, with slight modifications. 28 In brief, yeast cells were subcultured at 37°C for 18 h, followed by incubation in YNB -50 G medium overnight at 200 rpm. Yeast cells were then harvested and adjusted to 1 × 10 7 cells/mL in YNB -100 G medium. Following this, 100 μL-aliquots of the vortexed yeast suspension were added into the wells of a 96-well microtiter plate and incubated for 2 h at 37°C. Next, the yeast suspension was aspirated and the berberine solution was added to achieve final concentrations of 40-20,480 μg/mL, and incubated for 6, 12, 24, and 48 h at 37°C. The wells without drug supplementation were considered the drug-free controls.
XTT Reduction Assay
To quantify biofilm metabolic activity, the reduction of 2.3-Bis-(2-methoxy-4-nitro5-sulfophenyl)-2H-tetrazolium -5-carboxanilide (XTT) was measured. Every 2 mL of 1 mg/mL XTT sodium salt (Sigma-Aldrich Co.) solution, 100 μL of 0.04 mol/L menadione (Sigma-Aldrich Co.) solution, and 7.9 mL of sterilized PBS were mixed to obtain 10 mL of XTT-menadione-PBS reagent. Aliquots (200 μL) of this reagent were added to each well and incubated at 37°C for 3 h in the dark. Following this, 100 μL of the suspension in each well was transferred to a new 96-well microtiter plate. The optical density (OD) value at 490 nm was measured using a microplate reader (BioTek Instruments, Inc., Waltham, MA, USA). Each experiment was repeated three times, and the mean OD value was calculated.
CLSM Image Analysis
Confocal laser scanning microscopy (CLSM) was performed to further confirm the inhibitory effect of berberine against mature Candida biofilms (48 h) by assessing cell viability and biofilm structures. Before staining, Candida biofilm formation was performed in glass-bottom cell culture dishes (NEST Biotechnology Co., Ltd., Wuxi, China) using the method described above. The biofilms incubated without berberine were regarded as the live controls, and those incubated with isopropyl alcohol for 30 to 60 min were regarded as the dead controls. The berberine solution was diluted to achieve final concentrations of 40, 5120, 320, 40 and 1280 μg/mL for C. albicans (ATCC 10231), C. albicans (ATCC 90028), C. krusei (ATCC 6258), C. glabrata (ATCC 90030), and C. dubliniensis (MYA 646), respectively. Rapid immunofluorescence staining was performed using the LIVE/DEAD FungaLight Yeast Viability Kit (Molecular Probes, Inc., Eugene, OR, USA). Live yeasts with intact cell membranes were stained fluorescent green by SYTO 9, whereas dead yeasts with damaged membranes were stained fluorescent red, indicating the penetration of propidium iodide. According to the kit manufacturer's protocol, 500 μL of stain solution was added to each biofilm dish and incubated in the dark at room temperature for 15 to 30 min. The biofilms were observed under a confocal laser scanning microscope (Carl Zeiss, Inc., Oberkochen, Germany) and images were captured to determine the biofilm viability inhibition rates. Then, 3-dimensional (3-D) reconstruction was carried out using Leica Application Suite X (LAS X) software to reveal the changes in biofilm structure and thickness.
In the CLSM images, the live and dead cells in the berberine-treated group were counted using ImageJ software. The viability inhibition rates were calculated using the following formula: dead cell count/(live cell count + dead cell count). In addition, the cells of the biofilm per dish were collected and inoculated with an automatic spiral plater (Interscience, Inc., Troy, NY, USA) on SDA plates and cultured at 37°C for 48 h. The number of colony forming units (CFU) was counted. The biofilm viability inhibition rates were calculated using the following formula: 1 -berberinetreated group CFU/live control group CFU. The biofilm formation rates of the berberine-treated group were calculated using the following formula: biofilm thickness of the berberine-treated group/biofilm thickness of the live control group. The biofilm thickness decrease rates of the berberine-treated and dead control groups were calculated using the following formula: 1 -biofilm thickness of the berberine-treated (or dead control) group/biofilm thickness of the live control group. Each experiment was repeated three times.
Statistical Analysis
The data were analyzed using parametric statistical tests. The independent-samples t-test was used to analyze the viability inhibition rates between the CLSM and CFU groups, the biofilm formation rates between the berberinetreated and live control groups, and the biofilm thickness decrease rates between the berberine-treated and dead control groups. One-way analysis of variance (ANOVA) was used to analyze differences between the five Candida strains. Statistical Product and Service Solutions (SPSS) 18.0 software (SPSS Inc., Chicago, IL, USA) was used for statistical analysis. P < 0.05 was considered statistically significant.
Results
Berberine Had Inhibitory Effects on Standard Strains and Clinical Isolates of Candida spp. Under Planktonic Condition
The antifungal activity of berberine against Candida strains under planktonic conditions was tested according to the CLSI M27-A3 reference method. 27 The MICs of berberine and fluconazole for five standard strains and six clinical isolates of Candida spp. are shown in Table 1 . Of the tested standard strains (Figure 2A ), C. krusei was the most susceptible to berberine, with an MIC of 10 μg/mL, followed by C. glabrata and C. dubliniensis, with MICs of 20 and 40 μg/mL, respectively. By contrast, the MICs of berberine for the two standard C. albicans strains (ATCC 10231 and ATCC 90028) were found to be higher (80 and 160 μg/mL, respectively). These results indicated that the antifungal activity of berberine against non-albicans Candida strains, especially C. krusei, was higher than that against C. albicans.
Of the tested clinical isolates of Candida spp. (Figure 2B ), the C. krusei isolates, CLC3 and CLC4, were the most susceptible to berberine, with MICs of 10 and 20 μg/mL, respectively. The MICs for the C. albicans isolates, CLC1 and CLC2, were 80 and 160 μg/mL, respectively. These results were consistent with those of the standard strains. The MICs for the C. glabrata isolates, CLC5 and CLC6, were 80 and 160 μg/mL, respectively, which were slightly higher than those for C. glabrata standard strains. Hence, these results suggested a stable broad-spectrum antifungal activity of berberine. 
Berberine Inhibited the Overall Metabolic Activity of Candida Biofilms
The overall metabolic activity of Candida biofilms at each time-point was further determined by calculating the mean OD value at all berberine concentrations (Figure 4) . At 6 h after berberine treatment, the overall metabolic activity of all lower than that at 6 h. These results indicated that with the prolongation of drug action time, the inhibitory effects of berberine on overall biofilm metabolic activity were enhanced, especially for C. krusei and C. glabrata.
The Inhibitory Effects of Berberine Were Enhanced with the Maturation of Candida Biofilms
According to the concentration-absorbance curve, the biofilm metabolic activity decreased with increasing concentrations of berberine. The inflection point was defined as the minimum berberine concentration that induced a significant decrease in Candida biofilm metabolic activity, and which brought about the first apparent reduction of OD value. 29 The inflection points of the five strains changed with the maturation of Candida biofilms (from 6 to 48 h; Figure 5 ). From the overall trend, the inflection points of berberine for C. albicans (ATCC 10231), C. krusei, and C. glabrata gradually declined from 1280 to 40 μg/mL, 160 to 40 μg/mL, and 10,240 to 320 μg/mL, respectively, whereas those for C. albicans (ATCC 90028) and C. dubliniensis reached the highest at 48 h (5120 and 10,240 μg/mL, respectively). Most values were altered significantly during the biofilm formation phases between 6 to 24 h, and tended to be steady at the biofilm maturation phases between 24 to 48 h. These results indicated that berberine had distinct inhibitory effects on biofilm formation based on its maturation phase, and its inhibitory effect was higher in matured biofilms. Moreover, the inflection points for C. krusei remained the lowest (160 to 40 μg/mL) among all five Candida strains at each time-point, suggesting that C. krusei biofilm was the most sensitive to berberine.
Berberine Decreased the Viability Inhibition Rates for Candida Biofilms
The inhibitory effects of berberine at 48 h post-treatment were further verified by CLSM ( Figure 6 ). The gross number of dead Candida cells in the berberine-treated groups increased significantly compared with that in live control groups, especially for C. krusei and C. glabrata. To quantify the viability changes for different Candida biofilms, the viability inhibition rates were calculated ( Figure 7B ) and found to be varied among the five strains. For C. krusei and C. glabrata, high viability inhibition rates of 96.93 ± 1.37% and 92.36 ± 0.32%, respectively, were obtained, followed by C. albicans ATCC 10231 (43.54 ± 1 %), C. dubliniensis (21.62 ± 0.51%), and C. albicans ATCC 90028 (19.89 ± 0.57%). The five Candida strains had significantly different viability inhibition rates (P < 0.001). In addition, the CFU of the berberine-treated groups decreased significantly compared with that of the live control group (Figure 7A) , and the viability inhibition rates of the berberine-treated groups calculated by CFU were in accordance with the CLSM results. The viability inhibition rates between the CLSM groups and CFU groups were not significantly different (P > 0.05). These results suggested that 48-h berberine treatment resulted in high viability inhibition rates against mature Candida biofilms.
Berberine Weakened the Spatial Structures of Mature Candida Biofilms
To confirm the inhibitory effects of berberine on the spatial structures of mature Candida biofilms, 3-D reconstruction was performed (Figure 8 ). Compared with those of the live control groups, the 3-D images of the berberine-treated groups displayed biofilms with poorly developed architecture, lower cell densities, and loosely packed cells, especially for C. albicans (ATCC 90028) and C. dubliniensis. Figure 4 The overall metabolic activity of Candida biofilms at four time-points (6, 12, 24 , and 48 h) was determined using the mean OD values at all berberine concentrations. With the prolongation of drug action time, the mean OD values were decreased broadly, especially for C. krusei and C. glabrata.
Next, the biofilm formation rates and biofilm thickness decrease rates were calculated. Compared with the live control groups, the biofilm formation rates of berberinetreated groups had significantly decreased biofilm formation rates (P < 0.05) ( Figure 9A ). For the biofilm thickness decrease rates, C. dubliniensis and C. krusei showed high rates of 30.30 ± 15.48% and 27.92 ± 3.46%, respectively, followed by C. glabrata (27.78 ± 12.22%), 
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Drug Design, Development and Therapy 2020:14 Figure 6 Evaluation of the inhibitory effects of berberine against mature Candida biofilms by CLSM. Live yeasts with intact cell membranes were stained fluorescent green, whereas dead yeasts with damaged membranes were stained fluorescent red. The gross number of dead Candida cells in the berberine-treated groups increased significantly compared with that in the live control groups, especially for C. krusei and C. glabrata. Abbreviation: BBR, Berberine.
C. albicans ATCC 10231 (19.71 ± 8.56%), and C. albicans ATCC 90028 (15.49 ± 8.45%). There was no significant difference between the berberine-treated groups and the dead control groups (P > 0.05), except for C. albicans ATCC 10231 (P < 0.05), which may be due to the data variation in the dead control groups ( Figure 9B ). In Figure 7 The viability inhibition rates of Candida biofilms. (A) Biofilm viability results presented by CFU growth on SDA plates. The CFU of the berberine-treated groups decreased significantly compared with that of the live control group. (B) Comparison of the viability inhibition rates between CLSM groups and CFU groups. There was no significant difference between the CLSM groups and CFU groups (P > 0.05). The five Candida strains were significantly different (P < 0.001). The data represent the means ± SD of three biological replicates from one representative experiment out of two independent experiments with similar results. ns, P > 0.05. Abbreviation: BBR, Berberine.
addition, the thickness decrease rates among the five Candida strains were significantly different (P < 0.05). These results indicated that berberine could inhibit biofilm formation and damage the spatial structures.
Discussion
The antifungal resistance of Candida spp. to azoles and echinocandins continues to be a global problem, 14, 15 along with biofilm formation. 30, 31 The natural bioactive alkaloid berberine has been shown to exhibit significant antifungal activity, 32, 33 as well as inhibitory effects against biofilm formation. 23, 34 In this study, we investigated the antifungal activity of berberine against standard strains and clinical isolates of Candida spp. in planktonic and biofilm conditions. More importantly, we revealed the critical role of berberine in inhibiting Candida biofilms via prolongation of the drug action time, especially for non-albicans Candida biofilms. Using CLSM, we further proved that berberine achieved high inhibition rates for mature Candida biofilms and significantly weakened their spatial structures. It is noteworthy that berberine was found to have the most potent inhibitory effect against C. krusei, which is a fluconazole-resistant strain.
35,36
Candida biofilms exhibit enhanced resistance to azoles, possibly due to drug efflux pump expression, alterations in membrane sterol composition, and retardation of drug diffusion in the extracellular matrix. 30 Our previous research showed that the minimum fluconazole concentration required to inhibit Candida biofilms was 4-500 times higher than the MIC for planktonic cells. 37 In the present study, we found that the berberine concentration that significantly reduced the biofilm activity of C. albicans, C. krusei, and C. glabrata was only 4-32 times higher than the MIC for Candida cells in planktonic condition (Table 1 ; Figure 3 ). Hence, our results, to some extent, confirmed that berberine had more potent inhibitory effects against Candida biofilms than fluconazole. Previous studies have reported that the minimum berberine concentration required to inhibit C. tropicalis biofilms is approximately 4 times higher than the MIC for planktonic cells, 34 which is consistent with our findings. Furthermore, six clinical isolates of Candida spp. from the saliva of immunocompromised patients with oral candidiasis were isolated, the MICs for which were similar to those for the standard strains. These results suggest the possibility of clinical application of berberine for fungal infections. Next, by selecting four time-points (6, 12, 24, and 48 h), we showed that berberine exerted more potent inhibitory effects against Candida biofilms with the prolongation of drug action time, especially against mature biofilms. The possible mechanism might be correlated to the different metabolic characteristics of the biofilms in different growth phases. Previous studies have shown that, in the first 8 h of biofilm formation, the metabolic activity of Candida cells is very high. However, as the biofilms mature (24-48 h), the metabolic activity reaches a plateau. 38, 39 Here, we showed that, in the initial stages of biofilm formation, biofilm metabolic activity was high following berberine treatment, but with the prolongation of drug action time (24-48 h), berberine exerted a potent and steady inhibitory effect against Candida biofilms. Therefore, berberine exerted the highest inhibitory effect against Candida biofilms at 48 h. In this study, for the first time, CLSM was used to confirm the inhibitory effects of berberine by visually assessing cell viability and biofilm structures. Among the five Candida strains, berberine had most potent inhibitory effects against C. krusei and C. glabrata biofilms, with viability inhibition rates as high as 96.93 ± 1.37% and 92.36 ± 0.32%, respectively, indicating that berberine might inhibit biofilm formation primarily by killing the Candida cells. Meanwhile, compared to the other strains, the spatial structures of C. albicans and C. dubliniensis biofilms were more significantly damaged, with lower cell densities and loosely packed cells, and with biofilm thickness decrease rates ranging from 15.49 ± 8.45% to 30.30 ± 15.48%. Therefore, these findings indicate that berberine might also inhibit biofilm formation by reducing cell adhesion, promoting Candida cell dispersal, and eventually weakening the spatial structures of the biofilms.
For further exploration of the mechanism of drug action, we reviewed previous relevant researches. Park et al 33 revealed that berberine could inhibit both sterol and cell wall biosyntheses by targeting the key enzymes (sterol 24-methyltransferase and chitin synthase) of C. albicans in the ergosterol and chitin biosynthesis pathways. Xu et al 40 showed berberine could induce cell damage in C. albicans by increasing the production of endogenous reactive oxygen species. Moreover, da Silva et al 34 suggested that berberine could disrupt plasma and mitochondrial membrane integrity and cause DNA damage in C. albicans. In addition, Shao et al 25 demonstrated that berberine decreased the extracellular rhodamine 123 in C. tropicalis via inhibiting efflux transporters. Furthermore, Han et al 24 examined the in vivo effects of berberine against disseminated candidiasis in mice, and showed that berberine has a synergistic effect combined with amphotericin B, as the amphotericin B dose could be reduced more than 75%. The reported possible mechanisms of berberine were different from each other, and the number of Candida spp. used was limited. Therefore, further in vitro studies investigating the underlying mechanisms and pathways using a larger number of Candida spp. and the in vivo verifications are needed.
Conclusion
This study confirmed the antifungal activity of berberine against five different standard Candida strains and six clinical isolates in planktonic condition. More importantly, the critical role of berberine in inhibiting the Candida biofilms of the five standard strains, especially for the three non-albicans Candida strains, was revealed. Furthermore, CLSM was first used to confirm that berberine could induce high viability inhibition rates for Candida biofilms, inhibit their formation, and significantly weaken their spatial structures. Therefore, Figure 9 (A) Candida biofilm formation rates. The biofilm formation rates of the berberine-treated groups were significantly decreased in comparison with that of the live control groups (P < 0.05). (B) Biofilm thickness decrease rates. C. dubliniensis and C. krusei showed high rates, followed by C. glabrata, C. albicans ATCC 10231, and C. albicans ATCC 90028. The five Candida strains had significantly different thickness decrease rates (P < 0.05). The data represent the means ± SD of three biological replicates from one representative experiment out of two independent experiments with similar results. *, P < 0.05; **, P < 0.001; ***, P < 0.0001; ns, P > 0.05. Abbreviation: BBR, Berberine.
this research provides a useful reference for multiple Candida infections and biofilm infections associated with drug resistance. Berberine might have novel therapeutic potential as an antifungal agent or a major active component of antifungal drugs. Nevertheless, further research is required to elucidate the underlying molecular mechanisms of berberine.
